ATP, the universal carrier of cell energy is manufactured from ADP and phosphate by the enzyme ATP synthase using the energy stored in a transmembrane ion gradient. The two components of the ion gradient (vpH or vpNa ) and the electrical potential difference vi are thermodynamically but not kinetically equivalent. In contrast to accepted wisdom, the electrical component is kinetically indispensable not only for bacterial ATP synthases but also for that from chloroplasts. Recent biochemical studies with the Na -translocating ATP synthase of Propionigenium modestum have given a good idea of the ion translocation pathway in the F 0 motor. Taken together with biophysical data, the operating principles of the motor have been delineated. ß
Introduction
Adenosine triphosphate (ATP) is required by every living cell to ful¢ll its energetic demands, and therefore, the synthesis of ATP is the ultimate goal of metabolism. The principle ATP-producing enzyme is the ATP synthase, also known as F 1 F 0 -ATPase, which occurs in the inner membrane of mitochondria, in the thylakoid membrane of chloroplasts or in the cytoplasmic membrane of bacteria. This remarkable protein synthesizes ATP from ADP and phosphate with the free energy stored in the transmembrane electrochemical gradient of protons or in some cases sodium ions (for recent reviews see [13 ] ).
Overall, the ATP synthase is of bimodular construction, as shown schematically in Fig. 1 . The F 1 headpiece with the subunit composition K 3 L 3 QNO is completely exposed to the water phase. The three L subunits contain the catalytic sites in which ATP is synthesized or hydrolyzed. The X-ray structure of the majority of F 1 from bovine heart mitochondria has been solved in John Walker's laboratory to atomic resolution [4] . It shows a cylinder formed by the three K and three L subunits alternating around a central cavity through which the asymmetrically bent shaft of the Q subunit extends and protrudes. This Q subunit asymmetry correlates with the di¡erent conformations assumed by the three catalytic L subunits, in accordance to Paul Boyer's`binding change mechanism' [5] . Each L subunit is suggested to assume phase-shifted the three conformations seen in the`snap shot' of the F 1 structure in order to change the binding a¤nities in alternating catalytic sites to promote tight substrate bind-ing and product release during catalysis. It was proposed that these conformational changes are elicited by the eccentric rotation of the asymmetric Q shaft [4] .
Several lines of evidence for an ATP-driven rotation of the Q shaft within the F 1 headpiece were obtained [6^8] , and the elegant experiments by Yoshida and Kinosita's groups de¢nitely demonstrated the rotational catalysis in F 1 . They ¢xed the K 3 L 3 Q subcomplex of F 1 via engineered polyhistidine tags of the L subunits to a bead and attached a £uorescently labeled actin ¢lament to the Q subunit. The ATP-dependent rotation of the ¢lament could be directly observed with a video microscope [8] . It was found that the engine's performance is that of a three-step motor, hydrolyzing three ATPs per revolution and Fig. 1 . Cartoon of the structure and function of the P. modestum ATP synthase. Schematic view of the enzyme consisting of the F 1 headpiece with the catalytic binding sites on the three L subunits, the F 0 motor module with the Na binding sites on the c subunits and a Na conducing channel within the a subunit. The rotor (green) comprises subunits c 9À12 QO and the stator (blue) comprises the ab 2 K 3 L 3 N assembly. The pathway of Na during ATP synthesis is from the periplasm through the a subunit stator channel onto an empty c subunit rotor site at the rotor/stator interface. The sodium ion dissociates from this site into the cytoplasm after the rotor has turned. The positive stator charge (aR227, red) that contributes in the torque-generating mechanism through electrostatic attraction of negatively charged empty rotor sites is indicated by a +.
that the conversion of chemical to mechanical energy occurs with nearly 100% e¤ciency [9, 10] . It was also shown that subunit Q rotates with subunit O as a unit [11^13] .
Comparatively less is known about the performance of the F 0 moiety, mainly due to the lack of a high resolution structure of this membrane-integral part of the ATP synthase. In correlation to the mechanical rotation observed in the F 1 part, it is reasonable to assume that in ATP synthesis, the downhill movement of the coupling hydrogen or sodium ions through the F 0 part is coupled to the rotor/stator counterrotation. The torque generated must suf¢ce to liberate the newly formed ATP from catalytic sites in F 1 . Based on electron and atomic force microscopic studies of F 0 from Escherichia coli, the 91 2 c subunits are assembled into a ring that abuts at the periphery against the a subunit and the two b subunits [14^16]. The b subunits are proposed to be part of the stator that ¢xes the a subunit to the K 3 L 3 headpiece via association with the N subunit [17, 18] . Subunit a is an integral membrane protein that consists of ¢ve or six membrane-spanning K-helices [192 2] . The structure of E. coli subunit c in chloroform/ methanol/H 2 O (4:4:1) includes two extended K-helices that are connected by a short hydrophilic loop [23] . Upon modeling the structure into a membrane, the proton binding residue D61, which is located near the center of the C-terminal helix, was intuitively placed into the center of the membrane, i.e. a site from which direct access of H to the cytoplasmic surface is hardly imaginable. In contrast, subunit c from P. modestum in dodecyl sulfate micelles folds into four clearly de¢ned K-helical segments that are interrupted by short non-helical peptide segments not only at the hydrophilic loop but also near the Na binding site [24] . Hence, the Na binding residues may be located near the membrane surface, where direct cytoplasmic access is readily conceivable. Direct access of c subunit sites from the aqueous phase is in accord with biochemical data [25, 26] . In the following, the structure of subunit c of P. modestum will be described in more detail. We will also review recent advances from biochemical and genetic studies with P. modestum F 0 and combine the evidence that emerged to draw a mechanistic model of the F 0 motor.
The Na
+ -translocating F 1 F 0 -ATPase of P. modestum
In the anaerobic bacterium P. modestum, a Na cycle links ATP synthesis to the catabolism of succinate to propionate and CO 2 [27] . Speci¢cally, the metabolic intermediate (S)-methylmalonyl-CoA is decarboxylated to propionyl-CoA by a membranebound enzyme that couples the free energy of this reaction to sodium ion pumping to the outside of the cells. The electrochemical sodium ion gradient thus established is used as driving force for ATP synthesis by a Na -translocating F 1 F 0 ATP synthase [28^30]. Based on subunit composition and sequence comparison, the Na -translocating ATP synthase is clearly related to its H -translocating counterparts. The relationship has been most impressively demonstrated by the construction of hybrids consisting of subunits K, L, Q and O from E. coli and subunits a, b, c and N from P. modestum [31, 32] . The resulting chimeras were functional Na -translocating ATP synthases, as evidenced from the Na requirement for growth of appropriate E. coli clones on succinate minimal medium. This phenotype was a suitable point of departure to select for mutants which could grow on succinate independently from the presence of sodium ions, and these mutants have proven invaluable in deciphering the sites involved in coupling ion translocation (see below). Furthermore, with the discovery of the Na -translocating F 1 F 0 ATP synthase, the direct coupling mechanism for ATP synthesis favored by P. Mitchell, in which the coupling protons participate directly in the chemistry of ATP synthesis, was no longer tenable.
The coupling ion binding site in subunit c
An important early ¢nding is the speci¢c modi¢-cation of subunit c with dicyclohexylcarbodiimide (DCCD) at a conserved acidic residue (D61 in E. coli) within the C-terminal hydrophobic region of the molecule. This modi¢cation not only abolished proton translocation but also the hydrolysis of ATP, indicating a tight coupling of the two events. The functional importance of cD61 was further corroborated by site-directed mutagenesis of this residue [33] , but its role as a binding site for the transported pro-tons could not be inferred from these studies. Subunit c from P. modestum contains E65 at equivalent position to D61 of E. coli subunit c. Importantly, sodium or lithium ions speci¢cally protected P. modestum subunit c from the modi¢cation by DCCD at E65, and protection, like dicyclohexylcarbodiimide modi¢cation, was strongly pH-dependent [34, 35] . It was concluded that the carboxylate of cE65 provides a speci¢c Na binding site, at which Li and protons compete for binding, and that the protonated carboxyl reacts with dicyclohexylcarbodiimide, while the unprotonated carboxyl binds the ion. The data also indicated that the pK a of cE65 is approx. 7 and that sodium ions promote its deprotonation. It is evident that the immediate environment around the carboxylate of cE65 is critical for the coupling ion speci¢city. In a site-directed mutagenesis study, it has indeed been demonstrated that besides E65, S66 and Q32 provide Na binding ligands (Fig. 2B ) [36] . E65 and S66 provide the only ligands that are required for Li binding and for proton binding and translocation E65 is su¤cient. Consistent with these results is the presence of the Na binding amino acids (Q32, E65, S66) at equivalent positions in the Na -translocating ATP synthases from Acetobacterium woodii [37] and Ilyobacter tartaricus [38] . Furthermore, on mutating the E. coli c subunit residues around D61 to the corresponding ones from P. modestum, a Li binding site was generated [39] . Upon Li binding to this site, a dead end ATPase complex and IV (18^20 residues) span the membrane and that the helices II (13 residues) and III (15 residues) and the connecting hydrophilic loop of seven residues are located in the cytoplasm. The sodium binding site is located in the region of non-regular secondary structure between helices I and IV, and II and III and comprises residues of the N-terminal as well as the C-terminal half of the polypeptide chain (Q32, E65, S66). The Na binding site thus lies near the cytoplasmic membrane surface. The model is in accord with biochemical data indicating that the Na binding site is freely accessible from the cytoplasm. (B) Details of the Na coordination sphere with ligands contributed by Q32, E65 and S66. Q32 does not contribute Li binding ligands and E65 is the only residue required for H binding and translocation.
was formed, allowing neither the hydrolysis of ATP nor the transport of protons across the membrane. Following in vitro random mutagenesis of the P. modestum F 0 genes and selection for Na -independent growth on succinate, mutants of the desired phenotype could be identi¢ed and separated into two di¡erent families. The signature for the ¢rst family of mutants was the F84L, L87V double mutation at the C-terminal tail of the c subunit [40] , while that for the second family was a triple mutation in the a subunit (see below). In the ATP synthase with the c subunit double mutation, all Na -dependent activities of the parent enzyme were abolished, but the Li -and H -dependent activities were retained. The location of the double mutation about 20 residues apart from the Na binding site indicates that it disturbs the Na binding coordination sphere by a more global conformational change of the c subunit molecule. As the mutation does not a¡ect Li or H binding, the structural change will have to be in the geometry between E65 and Q32 on the opposite strand that is speci¢cally required for Na binding.
Structure of subunit c
The NMR structure of the monomeric c subunit from E. coli was determined in chloroform/methanol/ H 2 O (4:4:1) [23] and that from P. modestum was determined in dodecyl sulfate micelles [24] . In the organic solvent, E. coli subunit c packs into two antiparallel K-helices of 30^40 amino acid residues that are connected by a short hydrophilic loop. According to this structure, Fillingame and colleagues proposed that the two extended K-helices are spanning the membrane, which places the H binding D61 residue into an occluded position in the center of the bilayer. P. modestum subunit c was unstable in the organic solvent and precipitated within several hours, indicating that it does not fold into a single thermodynamically stable conformation. In contrast, in dodecyl sulfate micelles, the protein is stable for months and exhibits a CD spectrum with no apparent di¡erences if recorded at 25³C or 55³C [41] . In the detergent micelles, the P. modestum c subunit folds into four clearly de¢ned K-helices that are connected by short peptides with non-regular secondary structures ( Fig. 2A ) [24] . The N-terminal and the Cterminal helices are the most stable ones with the highest degree of hydrophobicity and are therefore proposed to span the membrane. Consequently, the additional helices II and III and the intervening hydrophilic loop must be located in the cytoplasm. In this structure, the Na binding residues Q32, E65 and S66 are located in the ICII and IIICIV helix connections, probably near the membrane surface on the cytoplasmic side. Hence, direct cytoplasmic access of these sites is readily conceivable, in accord with several lines of experimental evidence obtained with the ATP synthase from P. modestum. A buried H binding site, as suggested from the structure of E. coli subunit c, on the other hand poses major problems of how the protons communicate from this site with the two di¡erent sides of the membrane. For both structures, retention of speci¢city for modifying the conserved acidic residue with DCCD has been cited as an argument for the native-like folding. However, the reduction of the DCCD modi¢cation rate of subunit c in chloroform/methanol/H 2 O by about 4 orders of magnitude when compared to subunit c in its natural environment [42] makes this conclusion rather doubtful. On the other hand, the modi¢cation rate of P. modestum subunit c by DCCD in dodecyl sulfate micelles dropped only by about 1 order of magnitude compared to subunit c in its natural environment and sodium ions protected speci¢cally from this modi¢cation [41] . This indicates that in the subunit c monomer in dodecyl sulfate micelles the Na binding site is at least partially retained which gives more con¢dence for a native-like fold of subunit c in this particular environment. But further data are probably needed to proof the nativelike folding of subunit c in dodecyl sulfate micelles.
Role of subunit a in the ion transport mechanism
Subunit a is a very hydrophobic protein predicted to fold into ¢ve or six membrane-spanning K-helices that are connected by short cytoplasmic and periplasmic loops. Site-directed mutagenesis studies of E. coli subunit a implicated R210, E219 and H245 as important for proton translocation [43^47] . Of these only R210 is strictly conserved among all known sequences, which suggests a unique role for this residue. The positions of the E and H residues are found to be reversed in some organisms, such as human and bovine mitochondria. Other sequences lack an ionizable residue at one of these positions, such as the a subunits from Bacillus subtilis, P. modestum or from spinach chloroplasts. Correspondingly, some amino acid substitutions at positions 219 and 245 in E. coli have been found to be partially functional [44, 48, 49] . Therefore, these two residues can be considered to be of secondary importance.
The R210 residue is on the other hand very sensible to mutagenesis and no substitutions at this position permit ATP synthesis. The R210A mutation is interesting, because ATP hydrolysis-coupled proton translocation is completely abolished, but passive proton translocation through F 0 was not a¡ected [49] . Hence, R210 does not directly contribute to the proton conduction pathway. The recently proposed role of R210 as a stator charge that interacts electrostatically with the negatively charged rotor sites on subunits c to drive the rotor/stator counterrotation [26,50^53] is on the other hand fully compatible with the experimental evidence (see below).
Con¢dence into a direct participation of subunit a in the ion translocation mechanism has recently been obtained with the P. modestum ATP synthase. Following random mutagenesis of the F 0 genes and selection for Na -independent growth on succinate minimal medium, mutants with the pertinent phenotype have been identi¢ed. These included those with the c subunit double mutation described above and additional ones with an a subunit triple mutation (K220R, V264E, I278N) [25] . An interesting di¡er-ence of the latter mutant to that with the c subunit double mutation [40] is a Na speci¢c inhibition of growth on succinate minimal medium. On the enzyme level, this is re£ected by a Na speci¢c inhibition of the ATP hydrolysis activity. In the mutant, the K i for Na was the same as the K m for Na in activating ATP hydrolysis by the parent enzyme under otherwise identical conditions [54] . The results clearly show that the Na binding sites on the c subunits are not a¡ected by the a subunit triple mutation, but rather indicate that an ion selective channel in the a subunit has lost its ability for Na translocation (see below). Table 1 compiles properties of the reconstituted E. coli/P. modestum hybrid ATP synthases from the parent strain (strain PEF42), of strain MPA762 with the a subunit triple mutation and of strain MPC8487 with the double mutation in subunits c by which the Na binding sites are abolished. The latter mutation leads to the loss of all Na -dependent activities of the ATPase, as expected. The Li -dependent activities were on the other hand similar for the three di¡erent ATP synthases, indicating that Li binding and transport was neither a¡ected by the a nor by the c subunit mutations. Sodium ions had adverse e¡ects on the wild-type ATPase and on that with the mutated a subunit. The wild-type enzyme, reconstituted into proteoliposomes, was activated by external and inhibited by internal sodium ions. It catalyzed ATP-driven Na or H pumping, and H transport was inhibited by sodium ions present on either side of the membrane. In contrast, the ATPase with the mutated a subunit was inhibited by external Na but not by internal Na . It catalyzed ATP-driven H but no Na pumping and H pumping was inhibited by external but not by internal sodium ions. Taken together, these results show that the functional Na pumping ATPase must be equipped with Na binding sites on the c subunits and a Na conducting channel in subunit a. External sodium ions interfere with the H translocation mode of the ATPase by competing for the c subunit binding sites, whereas internal sodium ions may interfere with this activity by occupying sites in the a subunit channel which are required for proton release to the internal surface of the proteoliposome membrane. The reconstituted ATPase with a Na impermeable a subunit channel is therefore not affected by internal Na in its H pumping or (H -activated) ATP hydrolysis activities [26, 54] .
An intriguing result is the inhibition of the reconstituted ATPase with the a subunit triple mutation by external sodium ions. It suggests that the ATP hydrolysis activity of this enzyme is impaired because sodium ions cannot pass through the mutated a sub- Fig. 3 . Generation of a membrane potential by the`acid bath procedure'. During the acid stage, the proteoliposomes are equilibrated with 10 mM succinate bu¡er, pH 5.0. At this pH 70.2% of the succinate is present as monoanion. At the basic stage, the external pH is shifted to 8.5 by a 1/1 dilution of the proteoliposome suspension with 100 mM glycylglycin bu¡er, pH 8.5. This pH jump shifts the equilibrium of external succinate towards the dianion (99.9%), resulting in a large concentration gradient of the succinate monoanion across the membrane (1). The succinate monoanion predominating in the internal compartment folds partially into a ring. This form is membrane permeable because the negative charge has been delocalized between both carboxylic groups (2). Di¡usion of this monoanionic succinate species from the inside to the outside following its concentration gradient generates an electric potential according to the Nernst equation (3) . This potential is essential to drive ATP synthesis by proteoliposomes reconstituted e.g. with the F 1 F 0 ATP synthase of chloroplasts (4). unit channel. For the wild-type enzyme, this implies a Na translocation mechanism by which the alkali ions are captured by the c subunit sites from the external reservoir of the proteoliposomes and are released into the internal reservoir through the Na -speci¢c a subunit channel. As the Na translocating machinery consists of 9^12 c subunits assembled into a ring, and a single a subunit, a rotation of the c subunits versus the a subunit is implicated. In the Na -pumping mode of the enzyme, the ATP-driven rotation of the Q and O subunits is therefore assumed to be connected to that of the c subunit assembly. We further reasoned that c subunit sites (rotor) entering the a subunit (stator) boundary during ATP hydrolysis must be occupied and that those leaving the stator boundary must be empty [26, 51] . Hence, if Na cannot be released from the rotor site at the rotor/stator interface through the stator channel because this has become Na impermeable by mutation, rotation and ATP hydrolysis should stop. The reconstituted ATPase with the a subunit triple mutation is therefore inhibited by external sodium ions, but in the absence of Na it is fully functional with H as coupling ion. This idea was powerfully supported by 22 Na occlusion experiments. If the mutant ATPase was incubated with 22 Na and rotor/stator counterrotation started with ATP, up to 1 mol 22 Na per mol enzyme became occluded and could not be released from this position by passing the enzyme through a cation exchange column (Table 2 ) [26] . 22 Na occlusion was not observed without ATP addition or with enzyme specimens with Na -permeable stator channels. A chase of unlabeled Na was unable to release the 22 Na from its occluded position but with a chase of Li , the 22 Na became susceptible for trapping by the ion exchanger. As the main di¡erence of the mutant ATPase with respect to these alkali ions is the permeability of its stator channel for Li but not for Na , it is reasonable to conclude that lithium ions displace the 22 Na from its occluded position via the stator channel. Possibly, a lithium ion within the channel is captured by an empty rotor site next to that with the occluded 22 Na and this triggers a reverse rotation of the ring so that the 22 Na is moved into a position from where it can be trapped by the ion exchanger (cf. Figs. 1 and 4) .
Further evidence for an ATP-driven rotation of the ring of c subunits versus the a subunit was obtained after modifying part of the c subunit sites with DCCD. This treatment leads to the loss of the ATP hydrolysis activity. We investigated 22 Na occlusion by the DCCD-modi¢ed ATPase with the triple mutation in its a subunit. The idea was to create a motor whose rotation could be blocked either through the mutated stator or through a DCCDmodi¢ed rotor subunit. When residual rotor sites were loaded with 22 Na prior to the ATP-induced rotation, up to 1 mol 22 Na per mol DCCD-modi¢ed mutant ATPase was occluded (Table 2 ) [52] . However, if this order was reversed, and the rotation by ATP was induced before 22 Na was added, occlusion of 22 Na was not observed. These are the results expected from the rotational model: in the ¢rst case, the ATP-driven rotation stops and 22 Na becomes occluded when a Na -loaded rotor subunit has been moved into the interface with the Na impermeable stator channel, and in the second case, the rotation stops without 22 Na occlusion when the DCCD-modi¢ed rotor subunit strikes against the stator.
The F 0 motor in its idling and torque-generating operation modes
Without an external energy source the rotor in its idling mode performs back and forth rotation against the stator within a narrow angle. Due to the electrostatic restrictions described in Chapter 8 and Fig. 4 rotor sites moving to and from the stator channel in one direction must be ¢lled and those moving from and to the stator channel in the opposite direction must be empty. Hence, incoming occupied rotor sites are discharged through the stator channel before they can proceed into the same direction. Empty rotor sites coming into the stator interface from the opposite side must on the other hand be charged with Na entering through the stator channel before they can move further in this direction. The back and forth idling motion of the rotor against the stator must therefore inevitably lead to (2): the rotor £uctuates so that the third (empty) site jumps out of the potential well of the stator charge. This jump is biased by the membrane potential and is helped by the dielectric barrier preventing the ¢rst rotor site (empty) from entering the low dielectric medium of the stator. (2)C(3): once the third rotor site has moved out of the potential well of the stator charge towards the channel, it quickly binds a sodium ion from the periplasmic reservoir. (3)C(4): the positive stator charge pulls the empty fourth rotor site into its potential well. Since the second rotor site is neutralized, it can pass through the dielectric barrier. (4)C(5): once the second rotor site passes out of the stator, its sodium ion quickly dissociates into the cytoplasmic reservoir. Once empty, it cannot go back into the low dielectric rotor-stator interface. (5) is exactly the same state as (1), but shifted to the left by one rotor step. Adopted from [53] . the exchange between internal and external sodium ions. Proteoliposomes containing the puri¢ed ATPase of P. modestum indeed catalyzed an exchange of external 22 Na against internal unlabeled sodium ions at an initial rate of 7 s 31 [52] . This is about the same as the initial velocity of ATP-driven Na uptake into these proteoliposomes (8 s 31 ) and hence not involving slow steps that are unrelated to the common catalytic mechanism. Interestingly, the 22 Na out /Na in exchange activity was not signi¢cantly a¡ected by modifying part of the rotor sites with DCCD. However, upon ATP addition to the DCCD-modi¢ed enzyme, the Na exchange activity was abolished. These results add to the evidence that the idling motor shuttles sodium ions back and forth across the membrane by only limited back and forth rotation of the rotor versus the stator. However, if rotational torque is generated by ATP hydrolysis, a DCCD-modi¢ed rotor subunit is forced to strike against the stator where it is kept in an immobilized position. Hence, no 22 Na out /Na in exchange is catalyzed under these conditions.
In the ATP synthesis mode of the enzyme, the torque to drive the rotation of the Q subunit must be generated by the F 0 motor driven by the electrochemical gradient of sodium (or hydrogen) ions across the membrane. The torque-generating mechanism was probed by measuring 22 Na out /Na in exchange with proteoliposomes containing the P. modestum ATPase. Interestingly, the idling of the motor persisted in presence of vpNa of 100 mV, but when vi of plus or minus 90 mV was applied the motor switched from idling into the torque-generating operation mode and 22 Na out /Na in exchange was completely abolished [52] .
Complementary results have been achieved in investigations on the ion translocation mechanism by the isolated F 0 motor. F 0 , reconstituted into proteoliposomes, was shown to catalyze the free exchange of external 22 Na against internal sodium ions but no unidirectional Na transport, even if large vpNa values were applied and if vi generation due to Na £ux was carefully excluded by applying valinomycin and equal K concentrations on both sides [55] . These results were important to exclude that F 0 is an open channel through which the coupling protons rapidly di¡use in accordance to their electrochemical gradient [56] . Upon applying voltage across the proteoliposomal membrane, the 22 Na out /Na in exchange was discontinued and switched to the unidirectional Na movement into the electronegative compartment. Sodium ions that had accumulated in this compartment traversed the membrane in the opposite direction upon reversing the potential. As described above, the idling motor shuttles sodium ions back and forth across the membrane by rotational movements within a limited angle of the rotor against the stator. Voltage induces the switch in the motor's performance, and the sign of the membrane potential is responsible for the direction of rotation and for the direction of Na translocation that is linked to it. Hence, in the isolated F 0 motor, the rotor can freely rotate into either direction. In the F 1 F 0 complex, however, the direction of rotation is determined by the operation mode of the enzyme. For ATP synthesis, the membrane potential has to be positive on the periplasmic side which induces a counterclockwise rotation of the rotor, if viewed from this side. In addition, the system has to be supplied with Mg-ADP and phosphate in order to synthesize ATP and to relieve the constraints for an ongoing rotation of the Q subunit within the F 1 headpiece.
v vi i is an obligatory driving force for ATP synthesis
The obligatory role of the electric potential for torque generation in the F 0 motor of the ATP synthase strongly indicated that this force was also needed to produce ATP. Proteoliposomes containing the ATP synthase from P. modestum and equal Na concentrations on both sides indeed catalyzed ATP formation in response to a transmembrane electric potential, and the initial rate of ATP synthesis increased exponentially with increasing potentials [52] . Very little ATP was formed at 40 mV or below. The midpoint potential was at around 70 mV and maximal rates were approached at vi = 120 mV, when 37 mol ATP were formed per mol ATP synthase per minute. In contrast, with vpNa of 195 mV and no vi, ATP formation was not detectable. Similar results were obtained with the reconstituted ATP synthase from E. coli, where ATP synthesis could be driven by vi in the absence of vpH but not by vpH in the absence of vi [57] . These results were surprising because it was generally accepted that vi and vpH are not only thermodynamically but also kinetically equivalent driving forces for the synthesis of ATP. This view is based heavily on experiments performed with the ATP synthase of chloroplasts. However, given the structural and functional similarity of the chloroplast enzyme with other Ftype ATP synthases, a discrepancy in such an important subject of the coupling mechanism was puzzling. Therefore, the e¡ect of vi and vpH on the synthesis of ATP was reinvestigated with the chloroplast ATP synthase reconstituted into proteoliposomes. The results clearly showed that the chloroplast ATP synthase shares the obligatory requirement of the electric potential for ATP synthesis with all other ATP synthases investigated [58] . An interesting detail, however, was the lower midpoint potential of only 40 mV which may re£ect an adaptation of this enzyme to its environment: the electric potential maintained in chloroplasts under steady state operation in saturating light is reported to be about 50 mV, while the vpH is approx. 200 mV [59] . Hence, the pH gradient is clearly the main thermodynamic driving force for ATP synthesis in these organelles, but kinetically the vi is indispensable. It should be noted that the chemical concentration gradient (vpH or vpNa ) contributed to the rate of ATP synthesis in all cases investigated, but far less than expected if vi and vpH (vpNa ) were kinetically equivalent as was concluded in various reports in the literature.
The reason for the erroneous results could be traced back to the method used to create the vpH in ATP synthesis experiments. In 1966, Jagendorf and Uribe reported in a classical study an entirely vpH-driven ATP synthesis by the chloroplast ATP synthase [60] , which was a landmark for the acceptance of the chemiosmotic theory. For vpH generation, the chloroplasts were ¢rst incubated with 10 mM succinate, pH 4^5 to acidify the interior lumen and after equilibration, they were rapidly diluted 1:1 into Tris-bu¡er, pH 8.5 containing Mg-ADP and phosphate. The resulting ATP synthesis has been ascribed as entirely vpH-driven. Ever since, this`acid bath' or`succinate bath procedure' has been the method of choice for vpH generation in ATP synthesis experiments [61^64]. Unexpectedly, however, this method not only establishes the desired vpH but also a transient vi of appreciable size due to the di¡usion of the succinate monoanion out of the vesicle [57, 58] . The events leading to vi generation are depicted in Fig. 3 . Immediately after transition into the basic medium the concentration of the succinate monoanion in the acidic interior is 7.2 mM and that on the basic outside is 0.006 mM. Di¡usion of the succinate monoanion from the inside to the outside could therefore generate a Nernst potential of 180 mV. Immediately after the acid/base transition, membrane potentials of about 140 mV have in fact been measured with the membrane-permeable probe [ 14 C]thiocyanate. Why is the membrane permeable for the monoanionic species of succinate? Insight into the ion translocation mechanism was obtained when the membrane potentials generated by the`acid bath procedure' with various dicarboxylic and monocarboxylic acids were compared. Similar potentials as with succinate were developed with malonate, malate, oxaloacetate and maleinate, whereas no electric potentials were generated with fumarate, oxalate, acetate or propionate [58] . The only di¡erence between maleinate and fumarate is the presence of either a cis or a trans double bond. Consequently, maleinate can fold into a ring whereas fumarate cannot. We therefore reasoned that by folding into a ring, in which the negative charge is delocalized to both carboxylic groups, the monoanions of dicarboxylic acids become membrane permeable, whereas compounds with an isolated negatively charged carboxylate are membrane impermeable. This concept is in accordance with the observation that all dicarboxylic acids that can adopt an intramolecular ring structure are membrane permeable as monoanions and develop a membrane potential during the`acid bath procedure'. The permeability of the membrane for the monoanionic species was also shown by the uptake of radioactive dicarboxylates into liposomes. Dicarboxylates that had been shown to develop a membrane potential in the`acid bath procedure' were accumulated within the liposomes in accordance to applied K /valinomycin di¡usion potentials and depending upon pH values at which the monoanionic species prevail. The monoanions of dicarboxylic acids not falling into this category or monocarboxylates were on the other hand unable to pass the liposome membrane [58] . Fig. 4 shows a model of the F 0 motor of P. modestum [53] that is based to a great deal on experimental work which has been mentioned in this article. Quantitative simulations of the motor's operation have shown that it generates su¤cient torque for the synthesis of ATP [53] . The counterrotating assemblies of the F 0 motor are the rotor consisting of 9^12 copies of subunit c and the stator comprising subunit a. The rotor is thought to form a symmetrical disc into which the Q-shaft inserts. During ATP synthesis, the rotor turns clockwise as viewed from the cytoplasm, and this unidirectional rotation requires an asymmetry in the rotor-stator assembly. If the rotor is symmetrical, this asymmetry has to be in the stator and thus in the a subunit. In the model, the stator contains an ion channel that is open to the periplasm, but closed near the cytoplasmic surface to prevent ions leaking through this channel from the periplasm to the cytoplasm. The fundamental asymmetry that determines the direction of rotation in the model is the horizontal hydrophilic strip at the rotor/stator interface that connects the half-channel laterally to the cytoplasm. This hydrophilic strip permits charged (unoccupied) rotor sites to enter the rotor/stator interface from the right and pass as far to the left as the edge of the stator channel. The positive stator charge (R227) has been placed close to this strip to attract unoccupied negative rotor sites when they enter the rotor/stator interface. Entering rotor sites are likely to be empty because they are in equilibrium with the cytoplasmic reservoir in which the sodium ion concentration is low and because the stator charge will reduce the binding a¤nity of approaching occupied sites causing it to give up its sodium ion to the cytoplasmic reservoir. On the left side of the stator channel the rotor/stator interface is hydrophobic which causes important restrictions to the rotor di¡usion. Charged empty rotor sites attempting to move from the channel into this area of low dielectric are repelled. However, after binding a sodium ion from the channel, the electrostatic ¢eld of the site is reduced to a dipole facing only a small electrostatic barrier when leaving the channel to the left. After the rotor site has left the stator to the left and has delivered the sodium ion to the cytoplasm it encounters the dielectric barrier of the stator and cannot di¡use back to the right.
Model of the F 0 motor
The generation of torque by the motor is the result of several electrostatic rotor/stator interactions. Due to the random Brownian motion, progression of the rotor is stochastic, but the electrostatic forces bias its di¡usion to the left. A typical sequence of events is shown in Fig. 4C . First, the stator charge (R227) attracts any nearby empty rotor site (E65) in the polar stripe and keeps it within its potential well. Second, the membrane potential drop across the horizontal segment biases the thermal escape of the rotor site from its potential well to the left. Third, the hydrophobic barrier at the rotor stator interface on the left side of the channel assures that empty rotor sites are repelled whereas those having picked up an ion from the channel can pass. Once these sites have lost the ion to the cytoplasmic reservoir they cannot move back into the hydrophobic rotor/stator interface. Solution of model equations describing the motors performance have shown that the biased di¡u-sion of the rotor generates su¤cient torque for ATP synthesis at the catalytic sites of F 1 [53] . Moreover, when operating in reverse by a torque generated in F 1 , the motor performs well as an ion pump.
